Behaviour of Paramagnetic Light Rare Earth Ions in LRE-123 Superconductors  by Jirsa, M. et al.
 Physics Procedia  45 ( 2013 )  65 – 68 
1875-3892 © 2013 The Authors. Published by Elsevier B.V.
Selection and/or peer-review under responsibilty of ISS Program Committee. 
doi: 10.1016/j.phpro.2013.04.053 
____________________________________________________ 
 
*Corresponding author. Tel.:+420-26605-2718; +420-28689-0527 
E-mail address: jirsa@fzu.cz 
ISS2012 
Behaviour of paramagnetic light rare earth ions  
in LRE-123 superconductors 
 
M. Jirsaa*, M. Rameša, M. Muralidharb, D. Volochovác, P. Dikoc 
 
a Institute of Physics ASCR, Na Slovance 2, CZ-18221 Praha 8, Czech Republic 
b Materials Technology Division, Railway Technical Research Institute, 2-8-38 Hikari-cho, Kokubunchi-shi, Tokyo 185-8540, Japan 
c Institute of Experimental Physics, Slovak Academy of Sciences, Watsonova 47, SK-040 01 Kosice, Slovak Republic 
 
 
 
 
Abstract 
 
The slightly curved paramagnetic background (due to Brillouin dependence) of the paramagnetic light rare earth ions in 123 
superconductors mixes below Tc with reversible magnetization, which hinders evaluation of the associated thermodynamic 
characteristics. We propose a method how to determine the effective number of magnetons per ion, the principal parameter of the 
Brillouin function course, even in materials with pores, with unknown or varying density and/or the local composition. The method 
was tested on various types of compounds containing Gd ions, like pure Gd-211, tetragonal Gd-123, (Y,Gd)-123, and (Nd,Eu,Gd)-
123 and on orthorhombic (oxygenated) Gd-123 and (Nd,Eu,Gd)-123. 
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1. Introduction 
 Magnetization curves of 123 type superconductors with light rare earth ions display paramagnetic background [1]. 
For evaluation of the irreversible magnetization, the associated critical current density, and/or the pinning force 
density, the background, consisting of the paramagnetic and reversible magnetization parts, represents no problem, it 
is automatically eliminated. On the other hand, the curvature of the paramagnetic signal possesses a similar magnitude 
as reversible magnetization, which represents a serious problem for its evaluation. The paramagnetic background is 
always slightly curved according to the Brillouin dependence. The Curie-Weiss law, as a linear approximation of the 
Brillouin function, includes information on the effective number of Bohr magnetons per paramagnetic ion. It can be, 
however evaluated only in the case that the number of ions per unit or mole volume is known. The melt-textured RE-
BaCuO superconductors are typically porous and doped by various kinds of dopants. It prevents an exact 
determination of the mole volume or mass density. Crystals of the same compounds usually exhibit better quality and 
density but they are usually rather small and of an irregular shape. We propose a simple way how to reliably determine 
course of the paramagnetic background even in such imperfect compounds. The method was tested on a number of 
materials like pure paramagnetic Gd2BaCuO5 (Gd-211), the tetragonal phases of Gd-123, (Y,Gd)-123, and 
(Nd,Eu,Gd)-123 and their orthorhombic forms obtained after oxygenation. In the superconducting materials both the 
normal state above Tc and the superconducting state below Tc were tested. It is shown that even in the imperfect 
samples the method allows determination of reversible magnetization and the associated thermodynamic parameters. 
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2. Experimental 
 In this work several melt-textured LRE-123 (light rare earth) superconductors were studied, namely GdBa2Cu3Oy, 
(Y0.98Gd0.02)Ba2Cu3Oy, and (Nd,Eu,Gd)Ba2Cu3Oy. The first two were batch processed in air [2], the third one was 
processed by the oxygen controlled melt-growth (OCMG) [3]. As the nonsuperconducting green phase Gd2BaCuO5 is 
a standard addition to the melt-textured LRE-123 materials, we also studied a pure Gd-211 sample. Just this secondary 
phase is known to form the smallest precipitates (vortex pinning sites) of all, in the size range of a few tens of nm [4]. 
The experimental work was done by MPMS SQUID (Tc determination and some temperature dependences) and by 
PPMS vibrating sample magnetometer, in the field ranges up to 7 T and 9 T, respectively. 
 
3. Theoretical background 
The light rare earth ions enter the LRE-123 materials mostly as LRE+3, i.e. they tend to constitute the LRE2O3 like 
bonds. All these oxides are paramagnetic, Gd exhibits the strongest paramagnetic moment. In attempt to learn, how 
the LRE ions’ coupling varies in the actual structure of the LRE-123 superconductor, we measured magnetization 
loops m(B) of the melt-textured samples of Gd-211, Gd-123, and (Nd,Eu,Gd)-123. Under close inspection the m(B) 
dependence is always curved [Fig.1.(a), (b)], following Brillouin dependence [5] 
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Here m is the measured magnetic moment (in Am2), m0 is the saturated magnetic moment [ ], N is the 
number of paramagnetic ions in the sample, g is the Landé factor, J is total orbital momentum, μB is Bohr magneton, k 
is Boltzman constant, B is magnetic induction in Tesla, T is temperature, and Θ is Weiss constant. Expanding the 
hyperbolic cotangents into power series and limiting ourselves to three first terms, we get an approximate expression 
working well at intermediate temperatures and magnetic fields, 
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where n2=g2J(J+1), n is the effective number of Bohr magnetons per paramagnetic ion. For B/(T-Θ)<0.6 the error is 
less than 1% of the deviation term. We supposed that the g-value is close to 2, g2/2 ≅ 2, and (n2+g2/2) ≅ (n2+2). The 
numeral 33.24 in the denominator in the square bracket is the value of 15/(μB/k)2. Both Curie-Weiss law (CWL) 
standing in front of the square brackets and the second term in the square brackets include n2. The second term in the 
square brackets, representing the departure of the Brillouin function from the Curie-Weiss law, includes only n2, 
independent of N. This fact is important when studying complex, porous materials with various additives, like melt-
textured high-Tc compounds, where exact evaluation of the number of paramagnetic ions per unit volume might be 
difficult. Knowing the n-value from the Brillouin function curvature, we can determine the actual number of 
paramagnetic ions N per unit volume from the Curie constant. The fits of the experimental data by Eq. (2) are 
presented in Figs. 1. (a) to (c) by the thin solid lines. In Fig. 1. (a) the fits merge with the experimental data so that 
they are not much visible. Fitting of the data corrected for the linear part of the paramagnetic background, m(B)-
m(Bm)*B/Bm, is shown in Figs.1 (b) and (c). In this way it is quite easy to check quality of the fit.  
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Fig. 1. (a) Reversible magnetic moment curves measured on the Gd-123 sample with addition of 30 mol% Gd-211, in the tetragonal 
state (before oxygenation); (b) The same dependences with subtracted linear background, for temperatures T=300 to 150 K; (c) The 
same as in Fig. (b) but for temperatures T=100 K, 95 K, 90 K, 84 K, 77 K, 70 K, and 50 K. 
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Alternatively, one can get the n value graphically, without fitting. Fig. 2. (a). shows a scheme of the procedure. If 
we denote mCWL(Bm)-m(Bm) as a and m(Bm) as b, then the term in the square brackets in Eq. (2) is -a/(a+b) and the 
second term in the brackets, denoting departure of Brillouin function from CWL, is obviously given by 1-a/(a+b). It 
gives directly the n2 value. 
We analyzed the paramagnetic behaviour of the normal Gd-211 and of various 123 superconductors [Figs. 2. (b), 
(c)]. In all the investigated samples the behaviour was similar; the effective number of magnetons per ion was at room 
temperature close to the theoretical value for free Gd ions, n=8. With temperature reduction it slightly decreased. As 
shown in Fig. 2 (c), the oxygenation process did not change much on this behaviour. The results were very similar for 
the tetragonal (normal) phase of the investigated NEG-123 samples and for their orthorhombic phase, both optimally 
oxygenated (Tc=93.4 K) and overdoped (Tc=88 K, annealing for 1 week at 500oC). The only difference was a slight 
increase of n after each oxygenation process. In all the oxygenated samples the paramagnetic background could be 
traced only from room temperature to the critical one. In temperatures above 200 K and for the tetragonal 
(Y0.98Gd0.02)-123 phase above 80 K the paramagnetic signal was too weak to be reliably analyzed; reasonable accuracy 
was obtained only at lower temperatures, 70 K. There, n was quite stable, at 7.6±0.01.  
Surprisingly, the oxygenation of NEG-123 sample at 500oC completely suppressed the second peak on the 
hysteresis curve observed before in the optimally oxygenated samples [Fig. 3 (a)]. It contradicts the general believe 
that the LRE/Ba substitution is a pinning source independent of the oxygenation state. The inset in Fig. 3 (a) shows the 
high-field parts of the magnetization curves. Their slope slightly increased after each annealing, in accord with the 
observed increase of n. This result is most probably caused by a structure ordering and confirms the role of oxygen in 
interaction among Gd ions [6]. In the overdoped samples the irreversibility was strongly suppressed and the weak 
superconducting signal did not mask much the paramagnetic one. Therefore, it could be traced down to 80 K. We note 
that in this case the Gd ions were both in the NEG-123 matrix and in the included secondary phase, Gd-211. It is 
rather surprising that the proposed procedure did not show an expected decrease in n due to Nd and Eu ions.  
Altogether, all the investigated samples exhibited n between 8 and 7 and the general trend was a slight decrease of 
n with decreasing temperature. The fact that n is in all cases slightly bellow 8, the value corresponding to completely 
free Gd ions, implies that a slight spin-orbital coupling is always present. This coupling increases with decreasing 
temperature. 
Based on the knowledge of the high-temperature evolution of the Brillouin dependence, we attempted to evaluate 
the reversible magnetization of the superconducting Gd-123. From the isothermal hysteresis loops measured below Tc 
the average moment of the upper and lower hysteresis loop branches was calculated. At Birr this average moment 
transformed into reversible moment running up to the highest measured field, Bm. To eliminate the paramagnetic part, 
we extrapolated the temperature dependence of the paramagnetic signal from high temperatures. The curves obtained 
after the paramagnetic signal subtraction (Fig. 3.(b)) were then fitted by the logarithmic field dependence 
corresponding to the thermodynamic reversible magnetization [7], 
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with the dimensionless parameters a=0.77 and β=1.44. Mrev and k1 are given in A/m, and k2 is in Tesla. k1 and k2 are 
two free parameters. With their help we get from the fit Bc2=k2/1.44 [T], Bc1= 2.6k1μ0lnκ [T], ξ=21.76/√k2 [nm], λ=κξ, 
and κ=326.16√k2/k1. ξ is the coherence length, λ is the penetration depth, and κ=λ/ξ is the Ginsburg-Landau 
parameter. The corresponding fits are in the Figs. 3 (b) and (c) plotted by the thin solid lines. 
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Fig. 2. (a) Scheme of the proposed graphical method of determination of the square bracket in Eq. (2); (b) The effective number of 
Bohr magnetons per ion obtained from the analysis of various Gd compounds; (c) The effective number of Bohr magnetons per ion 
obtained from the analysis of melt-textured (Nd,Eu,Gd)-123 samples in various oxygenation states. 
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Fig. 3 (a) Magnetization curves of a single NEG-123 sample measured at T=70 K in 3 different oxygenation states, in the sequence  
of tetragonal, optimally oxygenated, and overdoped states; (b) The reversible magnetization curves for an optimally oxygenated 
Gd-123 sample. The curves are composed of the average moment below irreversibility field (indicated by arrow) and the reversible 
part above Birr. The average moment was affected by irregularities of the irreversible moment. The curves were fitted by the 
logarithmic field dependence. 
In Figs. 3.(b) and (c) it is seen how the irreversible moment and its rather strong (in the given range) irregularities 
affect the average moment. The fit had to rely mainly on the parts above Birr and reasonable mutual relations between 
neighbouring curves had to be checked. Better fits were obtained in vicinity of Tc (where a large portion of the curve 
laid between Birr and Bc2 or Bm) than farther from Tc. The analyzed signal lies in the range of a few 10-3 emu, where 
fluctuations of any kind can easily occur [cf. Figs. 3.(b),(c)].  
The fit of the reversible magnetization shown in Figs. 3.(b) gave a linear Bc2(T) dependence in vicinity of the 
critical temperature with the slope corresponding to ξ(T)=1.86/[1-(T/Tc)2.19]0.5. This result is consistent with the data 
observed in YBaCuO and other 123 compounds. 
4. Summary 
We propose the way how to determine course of the paramagnetic background in porous and inhomogeneous 123 
superconductors with paramagnetic LRE and other ions, where their number per unit volume is unknown. The method 
was tested on several compounds containing Gd ions. In all the cases the effective number of Bohr magnetons per ion, 
n, was slightly below 8, indicating a small spin-orbital interaction. This interaction increased with decreasing 
temperature. The slightly temperature dependent paramagnetic background was extrapolated to temperatures below Tc 
and subtracted from the average moment calculated from the magnetic hysteresis loops. In this way obtained 
reversible magnetization was fitted by a logarithmic field dependence from which thermodynamic quantities like Bc2, 
ξ were evaluated. In the process of the sample preparation we realized that thermal annealing of (Nd,Eu,Gd)-123 
samples at 500oC completely suppressed the secondary peak, which is in these materials believed to originate 
primarily from the LRE/Ba substitution. The mechanism of this type of pinning requires a deeper investigation. 
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